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THERMALLY-FORMABLE AND CROSS-LINKABLE PRECURSOR OF A 
THERMALLY CONDUCTIVE MATERIAL 

Field of the invention 

The invention relates to a thermally-fomnable and cross-linkable precureor 
of a thennally-conductive material and to the themnally-conductive material 
obtainable by cross-linking the precursor. The invention furthermore relates to a 
thennally-conductive adhesive tape comprising a backing and one or more 
adhesive layers wherein said backing comprises the thermally conductive 
material. 

Background 

Themnally-conductive materials are known and are used, for example, for 
providing a thermal bridge between printed circuit boards (PCBs) and heat sinks. 
Printed circuit boards generate heat under use conditions to the extent that this 
heat must be diffused to allow continuous use of the PCB. Heat sinks in the form 
of metal blocks are commonly attached to PCBs to allow excess heat to be 
conducted away from the PCB and radiated Into the atmosphere. Known 
thermally-conductive materials are based on, for example, gel masses, pads or 
greases that must be mechanically clamped between the PCB and heat sink. 

More recently, thennally-conductive adhesive tapes comprising an 
adhesive material have been introduced. These thermally-conductive tapes have 
the advantage that they form an adhesive bond with the two substrates to be 
connected and no mechanical clamping is required. Though heat-activatable 
adhesives can be used, pressure-sensitive adhesives (PSAs) have the additional 
advantage that an adhesive bond is fomned by simply pressing the assembly, 
comprising the substrates sandwiching the adhesive material, together at room 
temperature without requiring that the adhesive be activated with heat. Two 
approaches have been used for providing thennally-conductive adhesive tapes 
having pressure-sensitive adhesive characteristics. 

One approach for providing thennally-conductive adhesive tapes employs a 
thennally-conductive adhesive material. This approach has the advantage that 
only a single layer of such adhesive material is required to provide an adhesive 
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tape. One disadvantage, however, is tliat thermally-conductive fillers must be 
added directly to the adhesive material and this may tend to reduce the quality of 
the adhesive bond. Adhesive tapes comprising no supportive and strengthening 
backing typically also need to have a relatively high thickness and thicker 
adhesive tapes inherently provide a relatively high themial resistance due to the 
large distance over which the energy must be transmitted. Relatively thick, soft 
adhesive tapes are also difficult to cut into small discrete pieces by common 
converting techniques such as die-cutting. 

A second approach for providing themially-conductive adhesive tapes 
employs a polymeric film backing bearing separate layers of PSA on both 
surfaces. United States Patent US 6,165.612 (Bergquist) discloses a themially 
conductive, electrically insuiative mounting pad to be positioned between a base 
surface of a heat-generating solid state electronic device and a mounting surface 
of a heat-sink; said mounting pad comprising a film consisting of 
polyphenylsulfone matrix impregnated with a thermally-conductive particulate filler 
in an amount ranging from 10-50 % by weight of polyphenylsulfone. The mounting 
pads optionally comprise layers of adhesive on both sides. 

United States Patent 5,213,868 (Chomerics) discloses a thermally- 
conductive support material bearing thennally conductive pressure-sensitive 
adhesive on both surfaces, where at least one exposed adhesive surface has 
embossments, grooves or channels to suppress air entrapment. 

Japanese patent application JP 2000319454 discloses a flame-retardant 
adhesive tape comprising a backing of sllane-crosslinked ethylene-based 
polymers. Thermal conductivity is not discussed in this reference. 

Known commercially available adhesive tapes having a polymeric film 
backing Include THERMATTACH™ T404 (available from Chomerics. Wobum. 
MAAJSA) which comprises a polyimide film backing and BONDPLY^m 660 
(available from The Bergquist Company. Edina, MN/USA) which comprises a 
polyethylenenapthalate (PEN)-based polymeric film backing. 

This second approach for providing thermally-conductive adhesive tapes has 
also proven to be technically viable and commercially successful, but polymeric 
film backings that provide acceptable themial and electrical properties and are 
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suitable for use in sucli tapes can be difficult to manufacture and are often high in 
cost. 

It is an object of the invention to provide new thermally-conductive 
adhesive tapes which have an improved combination of themial, electrical and 
adhesive properties and are obtainable by simple and cost-effective 
manufacturing methods. Another object of the invention is to provide new 
thennally-conductive materials which have an advantageous thermal stability, a 
high breakdown voltage and an advantageous themial conductivity. It is another 
object of the invention to provide new thennally-conductive materials suitable for 
use as a backing or thennally-conductive tapes. Other objects of the Invention can 
readily be taken from the following detailed specification. 

Brief summary of the Invention 

The invention describes a thermally-fomnable and crosslinkable precursor of 
a thermally-conductive material comprising a) one or more crosslinkable polymers 
where the melt flow index of the polymer or polymers (measured at 190°C 
according to ASTM D-1238). respectively, is 10-100 g/10 min and b) one or more 
thennally-conductive fillers in an amount of at least 60 wt. % of the total weight of 
the precursor. 

The Invention also refers to a method of manufacturing the precursor 
comprising the steps of: a) providing one or more crosslinkable polymers where 
the melt flow Index of the polymer or mixture of polymers, respectively, is 
10-100 g/10 min (as measured at ISO^C according to ASTMD-1238) and 
b) compounding the polymer or mixture of polymers with one or more thermally- 
conductive fillers In an amount of at least 60 wt. % based on the total weight of the 
precursor. 

The invention also describes a method of providing the precursor comprising 
the steps of: a) providing one or more polymers where the polymer or mixture of 
polymers, respectively, has a melt flow index of 10-100 g/10 min (as measured at 
IQCC according to ASTMD-1238) and wherein at least one of the polymers has 
an ethylene unit content of at least 30 % by weight, b) reacting the polymer with a 
vinyl sllane of the fonnula RR'SiYz (I), wherein R is a monovalently olefinically 
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unsaturated radical, R' is a monovalent radical free of aliphatic unsaturation and Y 
is a liydolyzable organic radical, and a free-radical initiator in a heated mixing 
device to produce a moisture-curable polymer and c) compounding the moisture- 
curable polymer with one or more thermally-conductive fillers in an amount of at 
least 60 wt. % of the total weight of the precursor in a heated mixing device. The 
Invention also refers to a method of manufacturing a shaped thermally-conductive 
material comprising the steps of: a) providing the precursor of present invention, 
b) thermally forming the precursor to a desired shape and c) crosslinking the 
precursor. 

The invention also describes a themially-conductive material obtainable by 
the method of the invention. 

The invention also describes an adhesive tape comprising at least a film 
backing bearing an adhesive layer on at least one of the major surfaces of the film 
backing, wherein the film backing is obtainable by extruding the precursor into the 
shape of a film and crosslinking the film. 

The invention also refers to the use of the adhesive tape of the present 
invention for providing themnal conductivity between two substrates. 

Furthermore, the invention describes an assembly comprising the adhesive 
tape in a bonding relationship between two substrates. 

Brief description of the figure 

Figure 1 shows the changes in the elastic torque, S', of the precursor of 
Examples 3 and 4 of the present invention while exposed to a temperature of 
200**C for a period of 20 minutes. 

Detailed description of the Inventlnn 

The invention provides a thennally-formable and crosslinkable precursor of a 
themialiy-conductive material comprising a) one or more crosslinkable polymers 
where the melt flow index of the polymer or mixture of polymers, respectively 
(measured at 190°C according to ASTM D-1238 ) is 10-100 g/10 min and b) one 
or more thennally-conductlve fillers in an amount of at least 60 wt. % of the total 
weight of the precursor. Thermal conductivity can be measured. using the method 
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specified below. Materials having a thermal conductivity of at least 0.30 W/m''C. 
preferably at least 0.35 W/m°C and more preferably 0.40 W/m°C are termed 
above and below as thennally-conductive. Above and below, the term "thennally- 
fomnable" means capable of being altered in shape under the influence of heat. 

The precursor comprises one or more polymers where the polymer or 
mixture of polymers, respectively, has a melt flow index of 10-100 g/10 min, 
preferably 15-95 g/10 min and especially preferably 15-90 g/10 min (as measured 
according to ASTM D-1238 at 190°C) and is capable of being crosslinked. 
Polymers which meet these requirements are preferably selected from the group 
comprising polyolefins. polyurethanes, silicones, polyvinyl chloride, polyvinyl 
ethers, polyvinyl acetate and polystyrenes. The group of polyolefins and 
polyurethanes is preferred, however, as these materials tend to provide thermal 
stability and flexibility required by adhesive tape applications. 

The precursor preferably comprises 1-5. more preferably 1-3 and especially 
preferably 1-2 polymers where the polymer or mixture of polymers, respectively, 
has a melt flow index of 10-100 g/10 min, preferably 15-95 g/10 min and more 
preferably 20-90 g/10 min. If the polymer comprises polymers having a melt flow 
index of between 10-100 g/10 min and polymers having a melt flow index outside 
of this range, the amounts of such polymers are preferably selected so that the 
melt flow index of the mixture is between 10-100 g/10 min. 

The polymer of the precursor may also optionally comprise other non- 
crossllnkable polymers in an amount of up to 30 wt. %, and more preferably up to 
15 wt. %, based on the total weight of the precursor. 

Polyolefinic polymers include homopolymers and copolymers of ethylene, 
propylene and butene and also include copolymers of olefins with other vinyl- 
group containing monomers such as (meth)acrylates, alpha-olefins such as 
1-hexene and 1-octene, vinyl acetate and vinyl aromatics such as styrene. 

Polyurethane polymers useful in the present invention include both saturated 
and unsatruated polyurethane polymers, prepared by known methods from 
diosocynates and diols, respectively. 

The precursor comprises one or more polymers, where the polymer or 
mixture of polymers, respectively, has a melt flow index (MFI) of 10-100 g/10 min 
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as measured at 190°C by ASTM D-1238. Polymers or mixtures of polymers, 
respectively, that have a melt flow Index of less than 10 g/lo min tend to be 
difficult to extrude because of their high molecular weight. Polymers with a melt 
flow Index of less than 10 g/10 min have a relatively high melt viscosity and the 
viscosity of the precursor tends to increase as high amounts of fillers are added. 
Thus polymers with a melt flow index (MR) of less than 10 g/10 min are not 
suitable for use in the present invention. 

Polymers with a melt flow index (MP!) of greater than 100 g/10 min are also 
unsuitable for use in the present invention as they have a relatively low molecular 
weight. These polymers would need to have their effective molecular weight 
increased greatly after themrial forming Into a film, for example, to provide the 
thennally stability and high-temperature performance required of the thermally- 
conductive adhesive tape end-product. Crosslinking capability can be introduced 
into the precursor so as to provide a route to effectively Increase the molecular 
weight after extrusion and to Improve thermal stability of polymers. Crosslinking is 
more conveniently and frequently used, however, to Increase the molecular 
weight of polymers which already have a substantial molecular weight. Thus 
polymers with a melt flow index of greater than 100 g/10 min are also unsuitable 
for use in the precursor of the present invention. 

The polymer or polymers, respectively, selected for use In the precursor 
must also be capable of being crosslinked. Crosslinking of the polymer may be 
effected by several methods, Including radiation crosslinking by ultraviolet (UV) or 
gamma(7)-radlatlon, by particle beam radiation ( e-beam radiation), thermal cross- 
linking and crosslinking via moisture-curing. Crosslinking by UV-radiatlon and e- 
beam radiation has the disadvantage that It often results In gradient curing effects 
through the thickness of the thermally-formed and crosslinked material. Thermal 
crosslinking may be employed, but has the disadvantage that thermal curing may 
already take place during the themrial forming by extrusion, for example, as 
relatively high temperatures required for extrusion are often similar to 
temperatures required for themnal crosslinking. Crosslinking of the precursor via 
moisture-curing or -yradiatlon is therefore prefen-ed. 
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A suitable radiation source for y-radiation is ^Co which has two y-transitions 
of 1.17 and 1.33 MeV, respectively. Irradiation time in commercially operated ^Co 
Irradiation source facilities can be rented, for example, at BGS Beta-Gamma- 
Service GmbH & Co. Kg, Wiehl, Germany. The set-up and geometry of this ^Co 
in-adiation source facility is schematically described, for example, in the BGS 
brochure "Strahlenvemetzung von Kunststoffen" available from BGS Beta- 
Gamma-Service. 

^irradiation which Is useful In the present invention preferably has an energy 
of between 50 keV-25 MeV and more preferably of 500 keV-10 MeV. An 
especially preferred T^irradiation source Is ^Co. 

It was found by the present inventors that the in-adlation time with the 
Y-lrradiation is selected so that the resulting Irradiation dosage preferably is at 
least 50, more preferably at least 80 and especially preferably at least 100 kGy. 

Polymers which are capable of undergoing crosslinking via moisture-curing 
include, for example, polyurethanes and polymers bearing reactive silane groups. 

Polyurethanes undergo moisture curing by reaction of isocyanate groups 
with ambient moisture, while polymers bearing reactive silane groups undergo 
moisture curing by sllanol condensation reactions or hydrosllatlon in the presence 
of platinum-based catalysts. The reactive silane groups can be Introduced Into 
suitable polymers via a grafting reaction. 

Polymers for use in the thennally-fonnable and crosslinkable precursor of 
the present invention which are suitable for silane grafting include polyolefin 
polymers. The polyolefin polymer selected for silane grafting preferably comprises 
at least 30%, more preferably at least 35% and especially preferably at least 40% 
by weight of polyethylene units. The presence of at least 30% by weight of 
polyethylene units provides an effective number of grafting sites on the polymer 
backbone, which in turn provides an effective amount of crosslinking after thermal 
fomiing of the precursor into a specific shape, such as a film, for example. 

Polyethylene polymers suitable for silane grafting include polyethylene 
homopolymers of a wide variety of densities, as well as polyethylene copolymere 
with (meth)acrylate monomers, vinyl acetate and alpha-olefins such as propylene, 
butene, pentene, 1- hexene and 1- octene. 
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A first group of specificaify preferred polyolefins suitable for silane grafting 
comprises ultra low density poIyethyler)es (also known as very low density 
polyethylenes) havirig a density of less than 0.90 g/cm*. Such materials are 
commercially a^^iiable, for ^cample, as 

5 

ENGAGE™ 8400 (ethylene-co-octene having a density of 0.870. g/crn^ according 
to ASTM D-792, a melt flow Index (MFI) according to ASTM D-1238 (190 "C. 2.16 
kg) of 30 g/10 min and a melting peak as detsnnined by DSC at a rate of lO'C / 
mlnofSO'C); 

ENGAGETM 8411(ethylene-co-octene having a density of 0.880 g/cm® according 
to ASTM D-792, a melt flow index (MFI) according to ASTM D-1238 (190 "C, 2.18 
kg)of 18 g/10 min and a melting peak as determined by DSC at a rate of lO'CAnin 
of72'C); 

ENGAGE"* 8401(elhylene-co-octen6 having a density of 0.885 g/cm* according 
to ASTM p-792, a melt flow index (MFI) according to ASTM D-1238 (190 'C, 2.16 
kg) of 30 g/10 min and a melting peak as determined by DSC at a rate of 
ICC/min of 78'C); 

ENGAGE™ 8130(ethylene-co-octene having a density of 0.864 g/cm^ according 
to ASTM D-792. a melt i!ow index (MFI) according to ASTM D-1238 (190 'C, 2.16 
kg) of 13 g/10 min and a nielting peak as determined by DSC at a rate of 
10-C/minof50"C).and 

ENGAGE™ polyolefins are available firom Dow DuPont Elastomers (Geneva, 
Swltzertand). Especially prefeniBd materials from this group are ENGAGE™ 8400 
and ENGAGE™ .8407. 

30 The ultra low density polyethylene polymer is preferably selected so that the 

melting peak of the polymer as measured by DSC at a rate of lO'C/min is less 
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than lOCC. more preferably less than 90»C and especially preferably between 



60"C and 80°C, 

A second group of prefeired polyethylenes suitable for sHane grafting and 
specifically preferred for use In the precursor of the present invention comprises 
5 copolymers of ethylene and (meth)acrylate monomers, available, for example, as 

LOTRYL'^ 35 BA 40, a copolymer of ethylene and butyl acrylate (co-E-BA) in a 
ratio of 65 parts ethylene to 35 parts butyl acrylate having a density of 0.930 g/cm^ 
and a melt flow index (MR) according to ASTM D-1238 (IQCC. Z.ie kg) of 40 
10 g/10 min); 

LOTRYL'" 17 BA 07, a copolymer of ethylene and butyl acrylate (co-E-BA) In a 
ratio of 83 parts ethylene to 17 parts butyl acrylate having a density of 0.930 g/cm^ 
and a melt flow index (MFI) according to ASTM D-1238 (190X, 2.16 kg) of 
15 6.5-8 g/10 mIn); 

LOTRYL™ 28 BA 175. a copolymer of ethylene and butyl acrylate (oj-E-BA) In a 
ratio of 72 parts ethylene to 28 parts butyl acrylate having a density of 0.930 g/cm^ 
and a melt flow index (MFI) according to ASTM D-1238 (190-0. 2.16 kg) of 
20 1 50-200 g/1 0 min); and 

LOTRYL™ 28 MA 07, a copolymer of ethylene and methyl acrylate (co-E-MA) in a 
ratio of 72 parts ethylene to 28 parts methyl acrylate having a density of 
0.930 g/cm' and a melt flow index (MFI) according to ASTM D-1238 (190"C. 2.16 
25 kg) of 8-8 g/10 min). 

LOTRYL™ copolymers are available from ATQFINA (Duesseldorf, Germany). 



30 



Other suitable ethylene-co-(meth)aciylate polymers suitable for ^lane 
grarting and suitable for use in the precursor of the present invention are ttiose 
which also comprise polymerfeed units of malek> anhydride. These materials are 
commercially available firom Elf Atochem (Puteaux, France) as 
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LOTADER™ 6200. a terpolymer of ethylene, acrylic ester and maleic anhydride, 
having a comonomer content of 9%, a melt flow Index according to AStWI D-1238 
(190 "C, E.16 kg) of 40 g/10 min.and a melting point by DSC of lOZ-C; 

5 

LOTADER™ 8200. a terpolymer of ethylene, acrylic ester and maleic anhydride, 
having a comonomer content of 9%, a melt flow Index according to ASTM D-1238 
(190 "C, 2.16 kg) of 200 g/10 min and a melting point by DSC of 100°C; 

10 LOTADER"™ 5500, a terpolymer of ethylene, and acrylic ester and maieic 
anhydride having a comonomer content of 22%, a melt flow index according to 
ASTM D-1238 (190 "C. 2.16 kg) of 20 g/10 min and a melting point by DSC of 
80"C; and 

15 LOTADER"™ 7500, a terpolymer of ethylene, eavS actyWc ester and maleic 
anhydride having a comonomer content of 20%. a melt flow index according to 
ASTM D-123B (190 -C, 2.16 kg) of 70 g/10 min and a melting point by DSC of 
76X. 

20 Preferably a single polymer having a melt flow index (190 'C, 2.^6 kg) of 10- 

100 g/10 min, such as LOTRYL*^ 35 BA 40, Is selected from the group of 
ethylene-co-(meth)aerylate polymers. 

The melting point of polymers selected from flie group of ethylene-co- 
(meth)acrylate polymers is preferably less than lOO'C and more preferably less 

25 thanSO'C. 

The cro^ilnkabie polymers or polymers for use in the precursor of the 
thermally-conductive material of the present Invention are preferably selected to 
gh^e flexibility to the thermally-formed and crossHnked material. Rexibiltty is 
important to allow conformability of the adhesive tape to rough surfaces and to 
30 allow it to fill uneven or irregular bonding spaces or gaps. Polymers- having a glass 
transition temperature, ' Tg, In the range of between -60"C and -lO'C in the 
uncrosslinked state often ^ibit such desirable characteristics. 
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The polymer is also preferably selected to Impart strength to the polymeric 
film backing so that the resulting thermally-conductive adhesive tape can be 
handled, converted and applied to the substrates without stretching or breaking. 

The polymer is also selected to be thermally stable. Preferred polymers for 
5 use in the precursor are tfiose that are thennaily stable (no weight loss) as 
measured by thermogravimetric analysis (TGA) at 350"C In air. according to DIN 
lEC 60811-4-1. 
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Reactive silane groups capable of undergoing moisture-crosslinking may 
be incorporated into polymers in specific locations, such as on one or both ends, 
for example. Reactive silane groups may also be incorporated directly into 
copolymer backbones in a random fashion by copolymerization of unsaturated 
5 silane monomers. Reactive silane-functlonality may also be also introduced into 
polymers by free-radically induced grafting techniques. 

Such grafting techniques for introducing reactive silane functionality onto 
polymers which are prefen-ed in the present invention are described in United 
States Patent US 3,646,155. United States Patent US 4,291,136, British Patent 
10 Specification GB 1 357 549, British Patent Specification GB 1 406 680, British 
Patent Specification GB 1 450 934 and German Patent DE 44 02 943, for 
example. 

Silanes which can be employed in the grafting reaction have the general 
fomnula (I) R R'SiYa. R represents a monovalent olefinically unsaturated radical 
attached to silicon through a silicon to carbon bond. Examples of such radicals 
are allyl, vinyl, butenyl and cyclohexenyl, where vinyl is preferred. Y represents a 
hydrolyzable organic radical, such as, for example, an alkoxy radical such as 
methoxy, ethoxy and butoxy radicals. Y may also be an acyloxy radical such as 
fonnyloxy, acetoxy or propionoxy, for example. Y may also be an oximo radical or 
a substituted amino radical. The Y substituents in any given silane molecule may 
be the same or different. R' represents a monovalent hydrocariaon radical free of 
aliphatic unsaturation, such as, for example, methyl, ethyl, propyl, tetradecyl. 
octadecyl, phenyl, benzyl or tolyl. R' may also be a Y radical. Preferably the 
silane will have the formula RSiYg, where R is vinyl, the most prefen-ed silanes 
being vinyl triethoxysilane, vinyl trimethoxy silane and combinations thereof. The 
silane compounds described are meant to illustrate the invention without limiting It. 

The amount of one or more silane compounds employed in the grafting 
reaction will depend on the reaction conditions and the type of polymer employed. 
The present inventors have found that to advantageously graft and crosslink 
30 polymers having a melt flow index of 1 0-1 00 g/1 0 min, the amount of one or more 
silane compounds employed in the grafting reaction is preferably selected to be at 
least 2 parts per 100 parts polymer, more preferably at least 3 parts per 100 parts 
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polymer and most preferably 3-5 parts silane per 100 parts polymer. If less than 2 
parts is employed, then insufficient number of silane molecules are introduced 
onto the polymer backbone, an insufficient amount of crosslinking takes place and 
the thermal stability of the resulting thermally-conductive material is too low. 

Free-radical initiators suitable for promoting the grafting reaction are those 
capable of generating free-radical sites on the base polymer to be grafted and 
which have a half-life at the reaction temperature of preferably less than about 
6 minutes, and more preferably less than 1 minute. Prefen-ed free-radical initiators 
include organic peroxides and peresters such as, for example, benzoyl peroxide; 
dichlorobenzoyi peroxide; dicumyl peroxide; di-t-butyl peroxide; 1,1-di-t- 

butylperoxy-3.3,5-trimethylcyclohexane;2,5-dimethyl-2,5-di(peroxyben2oate)hexy- 
lene-3; 1 .3-bis(t-butylperoxyisopropyl) benzene; lauroyi peroxide; t-butyl 
peracetate; 2,5-dimethyl-2,5 (t-buytl peroxy)hexylene-3; t-butyl perbenzoate, and 
azo compounds, for example, azobisisobutyronitrile and dimethyl azodi- 
isobutyrate. The selection of a particular free-radical initiator depends on the 
temperature at which the silane grafting reaction is to be performed. 
Dicumylperoxide is most preferred as a free-radical initiator. 

The free-radical Initiator or initiators can preferably be employed in the 
amount of 0.10-0.30 parts per 100 parts polymer, more preferably at 0.15-0.25 
parts per 100 parts polymer and most preferably at about 0.175 parts per 100 
parts polymer. The present inventors have found that polymers or mixtures of 
polymers having a melt flow Index (MFI) of 10-100 g/10 min can be grafted and 
crosslinked advantageously by employing the free-radical initiator in an amount of 
at least 0.1 parts per 100 parts polymer. If less than 0.1 parts is employed, then 
insufficient grafting takes place, resulting in thermally-conductive materials which 
have insufficient crosslinking. The silane grafting reaction is preferably performed 
at a temperature of between 120°C and 220°C, more preferably between 140°C 
and 200**C and most preferably between lecc and 180°C. 

Moisture-curing of silane-grafted polymers is known to be promoted and 
accelerated in the presence of silanol condensation catalysts. Though catalysts 
accelerate the moisture-curing, it is not required that they be employed in the 
precursor of the present invention. Known silanol condensation catalysts Include 
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metal carboxylates such as dibutyltin dilaurate. stannous ethyf hexanoate, 
stannous acetate, stannous octoate, and zinc octoate, for example. Organic metal 
compounds such as titanium esters and chelates are also effective catalysts as 
are organic bases such as hexyl amine. Acids such as mineral acids and fatty 
acids are also known as silanol condensation catalysts. When a catalyst is 
employed, organic tin compounds such as dibutyltin dilaurate. tin (II) ethyl 
hexanoate, dibutyltin diacetate and dibutyltin dioctoate are preferred. 

The thermally-formable and cross-linkable precursor of the present invention 
comprises, in addition to the crosslinkable polymer, one or more thermally- 
conductive fillers. Any organic, inorganic or ceramic filler that effectively 
enhances thermal conductivity of a polymeric film may be employed as a filler in 
the precursor of the present invention. 

Themnally-conductlve fillers are defined above and below as those having a 
thermal conductivity, X, at 20^0, of at least 5.0 W/mK. Prefen-ed thermally- 
conductive fillers are those which are electrically-insulating as well as thermally 
conductive. 

The group of preferred thermally-conductive fillers includes but is not limited 
to alumina, aluminum oxide AI2O3, aluminum trihydroxide, magnesium hydroxide, 
beryllium oxide, magnesium oxide, zinc oxide, boron nitride, aluminum nitride and - 
silicon carbide. 

Most prefen-ed themnally-conductive fillers are aluminum trihydroxide and 
magnesium hydroxide. An especially prefen-ed thermally-conductive filler is 
magnesium hydroxide. More preferred Is magnesium hydroxide that has been pre- 
treated with a vinyl silane. Such silane-treated magnesium hydroxide is 
commercially available, for example, as MAGNIFIN H5A and MAGNIFIN H5MV 
from Alusuisse Martinsweric GmbH (Bergheim, Gemiany). 

Suitable themially-conductive filler or fillers for use in the precursor of the 
present invention are also prefen-ed in particulate fomi. "Particulate filler", as 
defined above and below, is a finely divided solid filler having an average particle 
size of less than about 75 \xm. Preferred size of particulate fillers for use in the 
precursor of the present Invention are those with an average particle size of less 
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that 20 Mm. Most preferably is an average particle size of between 2 pm and 
5 pm. 

The thermally-conductive filler or fillers are present in the precursor of the 
present invention in an amount of at least 60 % by weight of the total weight of the 
precursor. At levels of below 60 wt. %. the themially fomied and crosslinked 
material shows insufficient thermal conductivity. The thermally-formable precursor 
is preferably filled with the maximum tolerable amount of filler to promote 
maximum themial conductivity of the themnally-formed and themially-conductive 
crosslinked material. The maximum amount of filler has been attained when the 
melt viscosity of the precursor becomes such that It cannot be thermally formed or 
extruded, for example, or when the polymer of the precursor is no longer capable 
of holding the filler. The filler is preferably present in the precursor of the present 
Invention in the amount of at least 62.5 wt. % and more preferably 65 wt. % based 
on the total weight of the precursor. 

The themially-conductive filler or fillers of the precursor of the present 
invention can be chemically treated, for example, by treatment with silanes or 
stearic acid, to promote interaction with the polymer and to allow maximum filler 
loading in the precursor. Use of fillers in the amount of less that 60 % by weight 
tends to produce insufficient themial conductivity. Use of filler in very high 
amounts, such as amounts of over 75 % by weight, for example, tends to raise the . 
melt viscosity of the precursor and render It extremely difficult to extrude. Very 
high loading of filler also tends to produce thermally-conductive materials that 
have poor cohesive strength. 

The precursor of the present Invention may also comprise additional fillers 
and additives to the extent that the thermal conductivity and other physical 
properties of the themnally-formed and crosslinked material are not overiy 
compromised. Low amounts of a solvents or inert diluents may be employed 
during compounding and extrusion to lower the viscosity of the precursor and 
improve mixing of the polymer and the filler, for example. Certain reactive diluents 
such as low molecular weight polymers comprising epoxide or acid groups may 
also be employed. Conventional wetting agents, anti-foaming agents, pigments, 
flame-retardants and antioxidants may be added to the precursor depending upon 
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the requirements of the particular application envisioned. Preferably, the sum of 
the amounts of additional fillers and additives is an amount of less than 20 wt. % 
based on the total weight of the precursor. More preferably, the sum of the 
amounts of auxiliary fillers and additives is an amount of less than 10 wt. % based 
on the total weight of the precursor. 

A particularly preferred additive for the precursor of the present invention is 
a low molecular weight organic extender. A low molecular weight organic extender 
is defined above and below as a monomeric or polymeric organic substance 
having a weight average molecular weight, Mw. of less than about 20,000. The 
organic extender may be selected from the group of materials commonly known 
as extender oils such as mineral oil and plasticizers such as dioctyl phthalate 
(DOP). The low molecular weight organic extender is present in the amount of at 
least 5 wt. % based on the total weight of the precursor. Preferably the extender is 
present in the amount of between 10 wt. % and 20 wt. %. 

The thennally-conductive filler or fillers are mixed with the crosslinkable 
polymer before the precursor is themiaily-formed into its final shape. In general, 
compounding of the crosslinkable polymer with filler can most easily be 
accomplished by adding the filler or fillers to the polymer melt in a heated mixing 
device such as an internal mixer (a Branbury™ -type mixer, for example) or an 
extruder. 

The themally-formable precursor of the present invention is tack free at 
23'»C and cannot be characterized as having pressure-sensitive adhesive (PSA) 
properties. The terni "tack free" means qualitatively that the crossllnked precursor 
is not sticky to the touch. The term "tack free" means quantitatively that the 
crossllnked precursor has a 90° peel adhesion value from stainless steel of less 
than 0.5 N/cm as measured according to AFERA (Association des Fabricants 
Europeens de Rubans Auto-Adhesivs) 4001 . 

The invention also provides a method of manufacturing the precursor of the 
present invention comprising the steps of a) providing one or more crosslinkable 
polymers where the polymer or mixture of polymers, respectively, has a melt flow 
index of 10-100 g/10 min (as measured according to ASTM D-1238 at igO'^C) and 
b) compounding the polymer or polymers, respectively, with a thermally- 
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conductive filler In an amount of at least 60 wt. % of the total weight of the 
precursor in a heated mixing device. The Invention furthermore provides a 
preferred method of manufacturing the precursor that specifically relates to 
embodiments where silane-grafting and moisture curing of the precursor are 
employed. This method of manufacturing the precursor comprises the steps of a) 
providing one or more polymers where the polymer or mixture of polymers, 
respectively, has a melt flow index of 10-100 g/10 min (as measured according to 
ASTM D-1238 at ISO'C) b) reacting the polymer or polymers with a vinyl sllane 
having the fonnula RR'SIYa (I), wherein R is a monovalently olefinically 
unsaturated radical. R' Is a monovalent radical free of aliphatic unsaturation and Y 
is a hydolyzable organic radical, and a free-radical initiator In a heated mixing 
device to produce a moisture-curable polymer and c) compounding the moisture- 
curable polymer with one or more themnally-conductive fillers In an amount of at 
least 60 wt. % of the total weight of the precursor in a heated mixing device. The 
crosslinkable polymer preferably has an ethylene unit content of at least 30 % by 
weight with respect to the total weight of the crosslinkable polymer and the vinyl 
silane preferably has the fomiula RR'SiYa. Preferred embodiments of R, R' and Y 
are described above. 

The free-radical induced grafting reaction of the silane onto the polymer is 
preferably conducted at temperatures of laO'C to 220''C in a heated mixing 
device such as an intemal mixer (a BranburyTw-type mixer, for example) or an 
extruder. If the grafting reaction temperature is too low, the viscosity of the 
polymer is too high to achieve good mixing with the vinyl silane and the free- 
radfeal initiator and the initiator may fail to decompose thermally as required. If the 
grafting reaction temperature is too high then disadvantageous side reactions are 
promoted. 

Residence times for the grafting mixture in the heated mixing device of less 
than 10 minutes are preferred, with a residence time of less than 5 minutes being 
most preferred. 

In embodiments where silane grafting is employed to render the polymer 
crosslinkable, the themnally-conductive filler or fillers are preferably compounded 
with the polymer melt after thQ silane grafting reaction has occurred, but before 
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the silane-grafted polymer is crosslinked. Preferably the thermally-conductive filler 
or fillers are added in a subsequent step after grafting, In the same extruder, so 
that a reduced number of extruding and/or mixing steps is required. 

The sllanol condensation catalyst, when employed, can be mixed Into the 
polymer melt as the polymer is thermally-fomied Into Its final shape by extmsion, 
for example, or may be applied in solution to the surface of an extruded polymeric 
film, for example. The rate of the moisture-curing or crosslinking reaction may be 
accelerated with heat. Temperatures of between 23°C and TCC may be 
employed. Complete moisture curing a 100-300 pm thick film of the precursor of 
the present invention requires approximately one day at a temperature of 23°C 
and ambient relative humidity. Curing may be effected in 10-15 minutes at 
temperatures of 70°C, however. 

The invention also provides a method of manufacturing a shaped thermally- 
conductive material, comprising the steps of providing the thermally-formable 
precursor of the present invention, thermally forming the precursor to a desired 
shape and then crosslinking the precursor. 

The precursor can be shaped by any known method for forming polymeric 
materials. Thermal forming of the precursor can comprise injection molding, for 
example, to form a three-dimensional body. Thennal fomiing of the precursor may 
also be performed by extrusion, for example, to form a sheet, ribbon or thin film. 
Thermal forming of the precursor Into a thick sheet may be conducted by 
calendaring techniques as well. 

In general, thermal formability of the precursor is ensured by preferably 
selecting the polymers of the precursor from the group comprising known 
thermoplastic polymeric materials capable of flowing with reduced viscosity when 
heated. Themnoset polymeric materials, such as epoxles, for example, are less 
preferred for use in the precursor of the present Invention because of their 
tendency to undergo in-everslble chemical reaction under conditions commonly 
employed for processing the precursor prior to the crosslinking step. 

The Invention also describes a thennally-conductive material obtainable by 
crosslinking the precursor of the present invention. The thermally conductive 
material of the present invention is tack free at 23°C and cannot be characterized 
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as having pressure-sensitive adhesive (PSA) properties. The tenn "tacl< free" 
means qualitatively that the crosslinked precursor is not sticky to the touch. The 
term "tack free" means quantitatively that the crosslinked precursor has a peel 
adhesion value from stainless steel of less than 0.5 N/cm as measured according 
to AFERA (Association des Fabricants Europeens de Rubans Auto-Adhesivs) 
4001. 

The crosslinked thermally-conductive material of the present invention is 
preferably crosslinked to the extent that it exhibits an elastic torque, S', of 
3-8 dNm, more preferably 4-7 dNm, as measured by ASTM D 6294-9 after 
crosslinking at aoO'C for 20 minutes. Materials having an elastic torque, S', of less 
than 3 dNm tend to have inferior thenmal stability and poor high temperature 
perfomnance under real use conditions. Materials having an elastic torque, S', of 
greater than 8 dNm tend to lack confomiability and flexibility. 

Figure 1 shows the crosslinking behavior of the precursor of Examples 3 
and 4. Elastic torque, S', of the precursor is shown as a function of time for a 
period of 20 minutes while being held at a temperature of 200°C. 

The precursor of the present Invention is preferably thennally-fomied into 
the shape of a film. Film lends itself easily to the fomiation of interfaces between 
relatively flat substrates and can easily be provided with coating or other thin 
layers such as adhesives. The precursor is also preferably formed into a film as 
this facilitates application of crosslinking techniques. Radiation curing can be 
employed effectively on films and, in embodiments where moisture-curing is 
prefenred, thin films allow adequate contact with ambient moisture to effect 
crosslinking via moisture curing within reasonable times and temperatures. 

The thennally-conductive film suitable for use in the thermally-conductive 
adhesive tape of the present invention preferably has a thickness of 40-300 pm. 
Especially prefen-ed is a film thickness of 100-200 pm. If the film is too thick, then 
the thenmal impedance is too high. If the film is too thin, the breakdown voltage of 
the resulting tape tends to be too low, the backing Is too thin to handle and it 
cannot contribute sufficiently to gap-filling properties required of the adhesive 
tape. 
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The thermally-conductive film suitable for use In the thermally-conductive 
adhesive tape of the present invention preferably is flexible, conformable and 
elastic. Such qualitative characteristics are reflected quantitatively in measurable 
film properties such as the E-modulus. Preferably the thermally-conductive film 
has an E-modulus of 6-100 N/mm^ and more preferably 20-50 N/mm^. 

The present invention also provides an adhesive tape comprising at least a 
film backing bearing an adhesive layer on at least one major surface of the film 
backing, wherein the film backing is obtainable by extruding the precursor of the 
present invention into a film and crosslinking the film. Preferred classes of 
adhesive materials are those known to have good thermal stability and resistance 
to aging, degradation and oxidation at high temperatures. Preferred adhesive 
polymer classes include aciylates, silicones and urethanes. 

The adhesive layer applied to one or both major surfaces of the film 
backing may comprise a pressure-sensitive adhesive (PSA) which is inherently 
tacky at 23°C or a heat-activatable adhesive that must be heated to develop tack. 

Pressure-sensitive adhesive layers are preferred. Preferred pressure- 
sensitive adhesives (PSAs) are acrylate-based pressure-sensitive adhesives. 
Acrylate-based pressure-sensitive adhesives and methods of their preparation are 
described in Handbook of Pressure-Sensitive Adhesives (Ed. D. Satas, . Third 
Edition, 1999). Acrylate-based PSAs comprise polymers or copolymers of acrylic 
and/or methacrylic esters that are inherently soft and tacky polymers having a low 
glass transition temperature (Tg). Preferred (meth)acrylate monomers for use In 
preparation of acrylic PSAs suitable for use in the present inventions comprise 
alkyi acrylate and methacrylate esters of non-tertiary alcohols comprising 
4-17 cariDon atoms where the homopolymer of the monomer has a Tg of less than 
about 0°C. Monomers suitable for use in acrylic PSAs which can be employed in 
the present invention include, for example, n-butyl acrylate, isobutyl acrylate, 
hexyl acrylate, 2-ethyl-hexylacrylate, isooctyl acrylate, caprolactone acrylate, 
isodecyl acrylate, tridecylacrylate, laurylmethacrylate, methoxy-polyethylenglycol- 
monomethacrylate, lauryl acrylate, tetrahydrofurfuryl acrylate, ethoxyethoxyethyl 
acrylate and ethoxylated nonylacrylate. Especially preferred are 2-ethyl-hexyl 
acrylate, isooctyl acrylate and butyl acrylate. The low Tg (meth)acrylate monomer 
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is commonly present in prefenred (meth)acfylate-based PSAs in an amount of 
50-1 00% by weight. 

Optionally, one or more ethylenically unsaturated co-monomers may be 
copolymerzed with the (meth)acrylate ester monomer described above in amounts 
of between 0 and 50 weight % to improve cohesive strength of the adhesive 
and/or provide other desirable characteristics. One class of useful comonomers 
includes those having a homopolymer glass transition temperature (Tg) greater 
than the glass transition temperature of the homopolymer of the (meth)acryllc 
esters listed In the preceding paragraph. Examples of suitable monomers falling 
within this class include acrylic acid, acrylamlde, methacrylamide, substituted 
acrylamides such as N,N-dimethyl acrylamlde and N.N-diethylacrylamide. itaconic 
acid, methacrylic acid, vinyl acetate. N-vinyl pyrrolidone. isobomyl acrylate, 
cyanatoethyl acrylate, N-vlnylcaprolactam, maleic anhydride, hydroxyalkyl- 
acrylates, N,N-dimethylaminoethyl(meth)acrylate, beta-cariDoxyethylmethacrylate, 
vinylidene chloride, styrene, vinyl toluene and alkyi vinyl ethers. 

The pressure-sensitive adhesive layer may also be crosslinked to improve its 
performance, in particular shear strength, at elevated temperatures. Crosslinking 
of the adhesive layer may be provided by radiation post-crosslinking, . using 
e-beam or UV radiation, for example, or by themnal post-crosslinking . using 
bis-amide type crossllnkers, for example, or may be provided during the synthesis 
of the acrylic polymer by Including multifunctional acrylates. such as hexanedlol 
diacrylate, in the monomer mixture. 

The adhesive layer may also comprise one or more thermally-conductive 
fillers. The filler type can be selected from the particulate fillers used In the above 
precursor. The thermally-conductive filler or fillers, when present, may be present 
In the adhesive layer in any amount which is effective in enhancing the thermal- 
conductivity of the adhesive tape of the present invention. The amount of filler or 
fillers in the adhesive layer should not adversely effect adhesive behavior so that 
the adhesive tape does not meet user requirements, however. If one or more 
fillers is present in the adhesive layer, an amount of less than 30 wt. % based on 
the total weight of the adhesive is preferred. Preferably, one or more fillere are 
employed In an amount of less than 15 wt. % based on the total weight of the 
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adhesive. More preferably, the adhesive layer comprises less than 5 wt. % of one 
or more fillers and is especially preferably essentially free of themially-conductive 
fillers. 

The adhesive layer may also contain various additives commonly employed 
in adhesives, such as pigments, antioxidants. tacl<ifiers, plasticizers and flame- 
retardants. for example. The amount of such additives is preferably not more than 
20 wt. % based on the total weight of the adhesive. 

The thicl<ness of the adhesive layer is prefen^d to be 10-50 pm and more 
preferably 15-45 pm and especially preferably 15-25 pm. 

Specifically preferred is an adhesive layer having a thicl<ness of from 
15 Mm-25 pm and where no thermally-conductive filler is present in the adhesive. 

The adhesive layer may be applied to one or both major surfaces of the 
crosslinked and filled polymeric film backing and may be applied by any of the 
commonly known methods for generating thin adhesive films on substrates, 
including hot-melt extmsion coating of 100 % solids adhesives and application of 
adhesive from solvent, suspension or emulsion (followed by drying) using 
common techniques such as knife-coating, spraying, gravu re-coating and screen- 
printing. An adhesive layer may also be prepared separately as a thin layer of 
adhesive supported on a release liner (a transfer tape) and then transferred by 
lamination to one or both major surfaces of the thermally-conductive crosslinked 
film backing according to the present invention. 

The adhesive may also be applied to one or both surfaces of the 
crosslinked themially-conductive film backing in a manner so that the adhesive 
only partially covers the major surface(s) to which it has been applied. This can be 
accomplished by screen-printing, for example, or by transfer of a segmented 
adhesive layer formed separately on a release liner. Adhesive layers applied in a 
manner so as to give only partial coverage of the polymeric film backing may be 

it is critical to prevent air-entrapment at the interface 
between the adhesive and the substrate to which it is bonded, such as a PCBs or 
a heat sink, for example. Presence of air bubbles at the adhesive-substrate 
interface is known to reduce adhesive contact and reduce the ability of the 
adhesive to transmit themial energy. The presence of small adhesive-free areas. 
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In particular when using a pressure-sensitive adhesive layer, can facilitate removal 
of air bubbles from the bonding interface. In cases where partial coating of the 
thennally-conductlve film backing with adhesive is employed, the area of one or 
both major surfaces of the thermally-conductive film backing is preferably covered 
with adhesive to the extent of at least 90%, more preferably 95%. 

Other techniques may also be used to prevent entrapment of air bubbles at 
the bonding interface. One such prefen-ed technique requires introduction of a 
three-dimensional character to the surface of the adhesive layer. This can be 
accomplished by contacting the adhesive surface with a microstructured or 
roughened release liner that transfers its three-dimensional character to the 
surface of the adhesive layer. Themnally-conductive adhesive tapes bearing at 
least one adhesive layer with embossments, channels or grooves are described in 
United States Patent No. 5, 213, 868 (Chomerics). 

The adhesive tape of the present Invention, including the thermally- 
conductive film backing having one or more adhesive layers, preferably has a 
thickness of less than 300 pm. More preferably, the thickness of the adhesive 
tape Is between 100 pm and 275 pm. If the thickness of the adhesive tape is 
greater than 300 pm, its thermal impedance tends to be too high. If the thickness 
of the adhesive tape is less than 100 pm, then the dielectric strength of the 
adhesive tape and its conformabillty to substrates Is insufficient. 

Adhesive tapes having a dielectric strength of at least 55 kV/mm are 
prefen-ed. Most preferred are adhesive tapes having a dielectric strength of at 
least 60 kV/mm. The dielectric strength of the adhesive tape Is an important 
property for end use. Dielectric strength can be used to quantitatively reflect the 
ability of a material to resist the passage of electrical cun-ent and is measured 
according to DIN EN 60243-1. Adhesive tapes having a dielectric strength of less 
than 55 kV/mm exhibit insufficient electrical resistance and have a low breakdown 
voltage, i.e. that voltage at which an electric discharge is capable of passing 
completely through the adhesive tape. 

The invention also provides a thermally conductive adhesive tape having 
an effective themial conductivity of at least 0.4 W/m-K measured according to 
ASTM D 5470-95. Adhesive tapes which exhibit an effective thennal conductivity 
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of less than 0,4 W/m-K cannot be relied upon to transmit thermal energy 
with the efficiency and speed requiretf by the use conditions in the electronics 
industry: 

The invention also provides a thermally-conductive adhesive tape having a 
S thermal Impedance of less than e.O-C-cm^/W as measured according to ASTiyi D 
5470-95. 

Preferred are adhesive tapes which have a dielectric strength of greater 
ttiat 55 IcV/mm. an effective tfiermal conductivity of at least 0.4 W/m-K and a 
ttiervnal impedance of less than e.G^C-cm^/W, 
1 0 The Invention also refers to the use of the thermally-conductive crosslinked 

films for forming a thermally-conductive interlace between two substrates, such as 
the surlace of a heat-generating body and a heat-absorbing body, for example. 
The themnaliy-conductlve crosslinked film which Is obtainable by forming the 
precursor Into the shape of a film with subsequent crosslinWng, preferably 
1 5 comprises one or more adhesive layers to form an adhesive tape. 

The invention also refers to a specific use. where the heat-generating body 
Is a prfnted circuit board and the heat-absorbing body is a heat sink. 

The Invention ialso refers to an assembly comprising the themially- 
conductlve film of the present Invention in a bonding relationship between two 
20 substrates. 

Materials used In the g xamoies and Comparative Examples 
A Cms^nkable PohnriBf^ 

ENGAGE 8400 - ethylene-co-octene having a density of 0.870 g/cm\ 
25 available from Dow Dupont Elastomers (Gene\«, Switeeriand). Melt flow index 
(MFI) according to ASTM D-1238 (1 90 -C. 2.1 6 kg) of 30 g/1 0 min. 

LOTRYL EA 35 BA 40 - ethylene and butyl acrylate (co-E-BA) in a ratio of 
65 parts ethylene to 35 parts butyl acrylate having a density of 0,930 g/cm^, 
available from ATOFINA (Duesseldorf, Gemiany). Melt flow index (MFI) 
30 according to ASTM D-1238 (190 "0.2.1 8 kg) of 40 g/1 OmIn. 

LOTRYL 28 MA 07 - ethylene and methyl acrylate (co-E-BA) in a ratio of 72 
parts ethylene to 28 parts methyl acrylate having a density of 0.95 g/cm^ 

-23- 

EmPf .zeit: 16/12/2004 16:34 AMENDED SHEET. jj^ p^Qjg 



* Jo-TSEZr-TSS^ 1&:40 " 3f1 OIPC 1>ELES ISRMflNY +49 2131 14:^10 S. 19 



. ^ftRT34A.m BEST AVAILABLE COPY 

avaflable from ATOFINA (Duesseldorf, Germany). Melt flow index (MFI) 
according to ASTM D-1238 (190 "C. 2.16 kg) of 7 g/10 min. 

B. yinvisiiane of the ^rmula fl) 

5 Vinyl-trimethoxy sllane. available as DYNASYLAN VTIWO from Degussa 

AG (Hanau, Germany). 

C. Free-tBdical initiator 

. Dicumylperoxide or 2,Z-bis-phenylpropyl peroxide, available as Luperox 
10 DCSC (acfive ox^en level of 5.80-5.92 wt %) from Atofina Deutschland GmblH 
(Gunzburg. Gemiany). 

D. Catalysts formoisturB-curina foptionai) 

Tin (II) ethyl hexanoate, available from Johnson Mathey GmbH (Karlsruhe. 
15 Germany) 

g- ThermallY-condut^va Mar 

MAGNIFIN H5A. Mg(OH)2 powwter, vinyl sliane-treated, available from 
Aliisuisse Martinswerfc GmbH (Bergheim, Gemnany). Specific Surface (BET) of 
20 4.0-6.0 mVg. Particle Size; dso 1-26-1,65 pm. 

Test Methods: 

Bnaafccfovm voltaae. IcV 
25 The breakdown voltage for the adhesive tapes was measured according to 

DIN (Deutsche Industrie Norm) EN 60243-1 . The results were recorded in kV. 

P/e/ecfrfc gfrenoffi. ItVAnm 

The breakdown voltage of adhesive tapes was measured according to DIN 
30 EN 60243-1. The results were normalized to account for the thTckness of the 
adhesive tape measured. 
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Volume resistivhv. ohm-cm 

The Volume Resistivity for adhesive tapes was measured according to DIN 
(Deutsche Industrie Norm) lEC 93. Results were recorded in ohm-cm. 

Effective themial conductivity and themial impedance 

Effective thermal conductivity and themrial impedance of the adhesive 
tapes were measured according to ASTM D 5470-95 (Themial Transmission 
Properties of Thin Thermally Conductive Solid Electrical Insulation Materials) with 
the following modifications: 

a. Test apparatus 

The heat source employed in the test equipment was an insulated copper 
block (25.4 mm x 25.4mm) and 3 mm thick which was heated electrically with a 
constant power. The cooling unit was a copper block cooled by water supplied 
from a constant temperature bath such that the temperature is maintained 
unifomnly within +/- 0.2° K. The heat source and cooling unit temperatures were 
measured independently with thin thennocouples placed exactly opposing one 
another on opposite sides of the test specimen. The thennocouple tip for the heat 
source was placed within the center of the copper plate. The thermocouple tip for 
the cooling unit was placed near the surface of the block. 

b. Test procedure 

For both effective themfial conductivity and thermal impedance, an adhesive 
tape specimen having a size of 25.4 mm x 25.4 mm was employed. 

First, the thickness of the adhesive tape test specimen was measured at 23°C. 
The test specimen was then centered between a heat source copper block at a 
higher temperature, Ti, and a cooling unit copper block at a lower temperature, 
T2. A themnocouple was inserted into both copper blocks. A load of 1.75 kg was 
then applied on top of an insulator on top of the upper, heat source copper block, 
to hold the test assembly together and insure intimate contact between the 
adhesive tape test specimen and the copper blocks. 
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Cooling water was circulated to the cooling unit and power was applied to tlie 
heating element in the heat source. The temperature of both the heat source and 
the cooling unit was recorded at equilibrium. Equilibrium was attained when two 
successive sets of temperature readings taken at 15 min intervals had a 
difference of less than 0.2 K. Voltage, V (in volts), and current. I (in amps), at 
equilibrium were then recorded. 

Specimens of the same adhesive tape having a variety of thicknesses were 
then evaluated in the same manner to give an equilibrium temperature for a range 
of thicknesses. 

c. Calculations 
•^^^iit!yeJhei7nal,con(Ju^^ 

1 . Calculate the heat flow. Q, from the applied electrical power: 

Q = V X I, where V is voltage in volts and I Is current in amps 

2. Calculate the effective thermal conductivity, k: 

k = (Q X s ) / (A X AT), where 
Q = heat flow in Watts 
s = thickness of the adhesive tape in meters 
A = area of the adhesive tape in sq. m. 
AT = Ti - Tz 

Results are reported in units of W/mK. 

Thermal i mpedance. Z. in units of "C-cirf / W 

Thermal impedance, Z, is defined as the temperature gradient per unit of 
heat flux, (Q / A), passing through the adhesive tape 

Z = AT X (A / Q) where 
AT = Ti - Ta 
A = area in sq. m. 
Q = heat flow in Watts 
R = thermal resistance in °C/W 
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and gives results In units of °C-cm2/W. R, thermal resistance, is defined as Z/A 
and is measured in units of **C/W. 

E-Modulus 

Detennination of modulus of the adhesive tapes of the invention was 
conducted according to DIN (Deutsche Industrie Nonn) 53455. 

Evaluating of rheolo aical properties and crosslinkina behavior of the precursor 

Samples of the uncrosslinked precursor having a weight of 6.8-7.0 grams for 
filled polymers and 3.9-4.2 grams for unfilled polymers were employed for the test 
in the shape of a disc. The sample discs were cured by irradiation with 
y-in-adiation. In case of moisture-curing, the sample discs were placed In a 
rotoriess oscillating shear rheometer commercially available as Rheometer Model 
MDR 2000 from Alpha Technologies located In Akron, Ohio/USA. Moisture-curing 
was then effected by heating the disc samples of the precursor in the rheometer 
chamber. Rheological properties of the precursor were measured and recorded as 
a function of time. 

Curing by y-irradiation was effected by applying a distinct dosage of the 
radiation from the ^°Co irradiation source to the disc samples of the precursor 
prior to placing the disc samples into the rheometer chamber. 

This test was performed according to ASTM D 6204 -99 Standard Test 
Method for Rubber - Measurement of Unvulcanized Rheological Properties Using 
a Rotoriess Shear Rheometer. A strain of ± 2.8 % and a frequency of 0.5 Hz were 
employed. 

The elastic torque, S', of the test materials comprising uncrosslinked 
precursor and moisture-curing cataylst after 20 minutes at 200°C, or of the test 
material after receiving a certain dosage of y-in-dadiation was reported in units of 
dNm. 

I 

Hot-Set Test 

A general description of this test is given in Deutsche Industrie Nonn DIN EN 
6081 1-2-1 for Cable Insulation (Section 9 Waemne-Dehnungspruefung). Samples 
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of the 150 pm thick film to be tested were die cut from the bull< film using a 
standard die (Nonnstab 2) according to DIN (Deutsche Industrie Nonri) 47 / 472 / 
Part 602. 

The load employed was 10 N/cm. The test was conducted at 150°C. The 
elongation was measured after the samples had been in the oven for a period of 
15 minutes. 

Examples 

Example 1 

a. Silane grafting of the polymer 

A free-radically induced grafting reaction was conducted by firet introducing 
pellets of an ethylene-co-octene polymer having a density of 0.870 g/cm^, melt 
flow index of 30 g/10 min (measured at igO'C according to ASTM D-1238), 
available as ENGAGE 8400 from Dow Dupont Elastomers (Geneva, Switzeriand) 
into a first extruder (single-screw) with a mixture of vinyl-trimethoxy silane (in the 
amount of 2.0 parts by weight silane per 100 parts polymer (or 0.66 wt. % based 
on the total weight of the filled precursor) and dicumylperoxide (in the amount of 
0.085 parts by weight per 100 parts polymer or 0.03 wt. % based on the total 
weight of the filled precursor). The residence time of the polymer in the first 
extruder was about three minutes. 

b. CompourvJing grafted polymer with thermally-conductive filler and extruding 

The silane-grafted polymer thus fonned was fed directly into a second 
extruder (twin-screw) and compounded with silane-treated Mg(OH)2 powder 
available as MAGNIFIN tm h5A from Alusuisse Martinsweric (Bergheim, Germany) 
using a gravimetric feeder. Magnesium hydroxide was employed in the amount of 
two parts by weight for each part by weight of silane-grafted polymer, resulting in 
a precursor composition with about 66 wt. % filler based on total weight of the 
precursor. The grafted and filled precursor was then pelletized. 

A catalyst comprising tin (II) ethyl hexanoate was combined with the pellets 
of precursor in a third extruder in the amount of 0.2 parts per 100 parts polymer 
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(or 0.07 wt. % based on the total weight of .the precursor) and the precursor was 
extruded into a film having a thlci<ness of 200 pm. Specifically, a single screw 
extruder and a slot die were employed for this thermal forming operation. The 
residence time of the precursor in the extruder was limited to less than 5 minutes 
so as to avoid extensive crosslinking during the film extrusion process. Chemical 
composition of the film of Example 1 is summarized in Table 1 . 

c. Moisture curing of the thermally-conductive film backing 

The thermally-conductive film thus fomied was allowed to stand at 23°C and 
50% relative humidity for 24 hours before testing to allow moisture curing of the 
sllane-grafted ethylene-co-octene polymer. The themrially-conductive film thus 
prepared was then evaluated by the Modulus, Tensile and Elongation Test. 
Characteristics of the crosslinked film backing are summarized in Table 2. 

d. Preparation of a thermally-conductive adhesive tape 

The themrially-conductive film prepared by the method described above 
was first corona-treated on both major surfaces to improved anchorage of the 
adhesive layers. 

A 20 pm thick layer of pressure-sensitive adhesive (a transfer tape) was 
then prepared by coating a solvent-based acrylic pressure-sensitive adhesive 
comprising a copolymer of isooctyl acrylate and acrylic acid in a weight ratio of 
96/4 onto a siliconized paper liner and dried at 1 10°C. 

A themrially-conductive adhesive tape was then prepared by laminating the 
transfer tape thus prepared to each side of the corona-treated thermally- 
conductive backing. 

The adhesive tape was then tested according to the methods set forth 
above. Electrical and themial properties of the tape of Example 1 are summarized 
in Table 3. 

Example 2 

Example 2 was prepared in a manner similar Example 1 with the exception 
that the amount of catalyst for promoting the moisture curing of the sllane-grafted 
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polyethylene film was raised to 0.13 wt. % based on the total weight of the 
precursor. Tests were conducted on the extruded thermally-conductive film 
backing and the adhesive tape as in Example 1 . 

5 Comparative Example 1 

Comparative Example 1 was prepared in a manner similar to Example 1 with 
the exception that the magnesium hydroxide filler was present In the amount of 
55 wt. % based on the total weight of the precursor. Test results of the adhesive 
tape shown in Table 3 show an effective themnal conductivity of 0.390 W/m-K. 

10 

Table 1 





Polymer 


Grafting agents 


Rller 


Catalyst, 


Ex. 


Type, 


Tradename 


Mhl 


Wt.% 


Silane, 
wt.% 
(pph*) 


Peroxide, 
wt.% 
(pph*) 


Mg(OH)2. 
wt.% 


wL% 


1 


eth-co- 
octene 


Engage 8400 


30 


33.08 


0.66 
(2.0) 


0.03 
(0.085) 


66.16 


0.07 


2 


eth-co- 
octene 


Engage 8400 


30 


33.06 


0.66 
(2.0) 


0.03 
(0.085) 


66.12 


0.13 


CI 


eth-co- 
octene 


Engage 8400 


30 


44.00 


1.96 
(2.0) 


0.08 
(0.085) 


53.76 


0.20 



Wt. % = weight percent based on the total weight of the precursor 
*pph = parts per 100 parts polymer) 

15 

Table 2 



Ex. 


IVIod. 


E, max (%) 


E, breal< (%) 


Tens, max 


Tens, brealc 




(N/mm^) 






(N/mm^) 


(N/mm^) 


1 


1.3 


66 


84 


5.3 


4.5 


2 


1.3 


70 


80 


5.1 


4.4 


CI 


0.8 


71 


87 


5.2 


3.9 
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Tabte 3 



Ex. 


Effective 
thermal 

conductivity 


Thermal 
Impedance 


Breakdown 
voltage 


strength 


volume 
resistivity 




W/m-K 


cm^/W 


kV 


kV/mm 


ohm-cm 


1 


0.454 


4.96 


15.1 




2.9x10'" 


2 


0.435 


4.95 


13.0 


63 


3.1 xlO'^ 


CI 


0.390 


6.22 


15.7 




4.7x10'" 



Example 3 

A copolymer of ethylene and butyl acrylate (ethylene-co-butyl acrylate) was 
obtained In pellet form as LOTRYL 35BA40 (ATOFINA, Duesseldorf, Germany). 
The polymer has a melt flow index of 40 g/10 min as measured at ISO'C 
according to ASTM D-1238. 

Dicumylperoxide (0.175 parts per 100 parts polymer or 0.057 wt. % based 
on the total weight of the precursor) and vinyi-trimethoxy silane (4.7 parts per 100 
parts polymer or 1.542 wt. % based on the total weight of the precursor) were 
mixed together, then added to the pellets and mixed. The mixture then was fed 
into a single-screw extmder having thermal zones increasing in temperature from 
160°C to 220°C, where grafting of the silane onto the polymer backbone occurred, 
promoted by thermal decomposition of the peroxide. 

The silane-grafted polymer (100 parts by weight) was then compounded 
with the magnesium hydroxide (200 parts by weight) in a twin-screw extmder at 
170°C, in a manner similar to that of Examples 1-2. The grafted and filled polymer 
was then pelletized. 

The pellets of precursor were then extruded to a white opaque polymeric 
film having a thickness of 200 Mm without the addition of catalyst. 

The extruded themnally-conductive film backing was then crosslinked by 
spraying the extruded film with a catalyst solution comprising 5 % tin (II) ethyl 
hexanoate by weight in heptane. The film was allowed to stand at 23°C for 4 
hours and was then washed with distilled water and dried at 40°C for 1 hour. The 
chemical composition of the film backing is summarized in Table 4. 
Measurements made on the cross-linked film backing include thickness and 
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E-modulus. as well as elastic torque. S'. Properties of the thermally-conductive 
film backing are summarized in Table 5. 

The thennally-conductive film was then corona treated on both sides. A 
20 \im thick layer of acrylate-based pressure-sensitive adhesive having essentially 
the same composition and thickness as that employed in Examples 1-2 was then 
laminated to each side of the film, fomriing a thermally-conductive pressure- 
sensitive adhesive tape having a total thickness of approximately 250 pm. 

The adhesive tape was then evaluated for Its thermal properties including 
thermal conductivity and themnal impedance, as well as for its electrical properties 
including breakdown voltage, dielectric strength, effective thermal conductivity, 
thermal impedance and volume resistivity. 

The properties of the adhesive tape are shown in Table 6. 

Example 4 

Example 4 was prepared in the manner of Example 3 with two exceptions: 
1)the amount of vinyl silane employed in the grafting reaction was reduced to 
3.45 parts per 100 parts polymer (or 1.136 wt. % based on the total weight of the 
precursor) and 2) the thickness of the extruded film backing was increased to ca. 
220 Mm. A pressure-sensitive adhesive tape was prepared from the crossllnked 
film backing in the same manner as for Example 3. Properties of the crosslinked 
film backing and the adhesive tape made from it are summarized in Tables 5 and 
6 below. 

Example S 

Example 5 was prepared in the same manner as Examples 3-4, with the 
exception that the amount of vinyl sllane employed in the grafting reaction was 
reduced further to 2.00 parts per 100 parts polymer (or 0.662 wt. % based on the 
total weight of the precursor). The film backing was extruded at a thickness of ca. 
166 pm. 

The resulting adhesive tape had a thickness of ca. 206 pm. 
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Comparative Examples 2-3 

Comparative Examples 2 and 3 show the behavior of precursors and 
polymeric film backings having less than 60 wt. % particulate themially-conductive 
filler based on the total weight of the precursor. Comparative Examples 2 and 3 
are similar to Example 4 in that the relative amounts of polymer and grafting 
agents (silane and peroxide) remained unchanged. Comparative Example 2 only 
has ca. 40 wt. % thermally-conductive filler and Comparative Example 3 
comprises no filler. 

The grafted polymers were extruded and crosslinked according to the same 
methods as the examples of the Invention, and made into adhesive tapes. The 
reduced level of filler and the absence of filler, respectively, Is clearly reflected In 
the thermal properties of the adhesive tapes as summarized in Table 6. 

Comparative Example 4 

Comparative Example 4 employed the same polymer and filler, in the same 
relative amounts, as in Examples 3-5. No grafting reaction was performed, 
however. Thus the polymer could not be crosslinked by a moisture-curing 
reaction. 

Comparative Examples 5 and 6 

Two experiments were perfomied to show the effect of employing a polymer 
having a melt flow Index of less than 20 in the precursor of the thermally- 
conductive material. 

A copolymer of ethylene and methyl acrylate (ethylene-co-methyl acrylate) 
was obtained in pellet form as LOTRYL 28MA07 (ATOFINA, Duesseldorf, 
Gemnany). The polymer has a melt flow Index of 7 g/10 min (as measured at 
190X according to ASTM D-1238). 

Comparative Example 5 was prepared by a method essentially the same 
as that of Example 5, with the exception that the much higher molecular weight 
LOTRYL 28MA07 was employed as the crosslinkable polymer. LOTRYL 28MA07 
has a melt flow index of 7 g/10 min. Amounts of grafting agents and grafting 
conditions suitable for polymers having a melt flow index of 30 g/10 min were 
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found to be unsuitable for a chemically-similar polymer having a melt flow Index of 
7 g/10 min. The resulting extruded film was stiff and unsuitable for used as a 
backing for a thennally-conductive adhesive tape. 

Comparative Example 6 was prepared using a 50/50 wt/wt mixture of 
LOTRYL 17BA07 and magnesium hydroxide filler. The amounts of grafting agents 
were selected so that the amount of vinyl sllane employed was substantially 
reduced to 1 part per 100 parts polymer (or 0.985 w.t % based on the total weight 
of the precursor) and the level of dicumyl peroxide employed as a free-radical 
initiator was raised substantially to 0.5 parts per 100 parts polymer (or 0.493 wt. % 
based on the total weight of the precursor.) Attempts to perform the grafting 
reaction resulted in a mass that crosslinked to such an extent under extrusion 
conditions that it was not possible to obtain an extmded film. 



Table 4 



15 







Polymer 


Grafting agents 


Filler 


Ex. 


Type. 


Tradename 


MR 


Wt. % 


Silane, 
wt. % 
(PPh*) 


Peroxide, 
wt. % 
(PPh*) 


Mg(OH)2, 
wt. % 


3 


E-co-BA 


LOTRYL 
35BA40 


40 


32.800 


1.542 
(4.70) 


0.057 
(0.175) 


65.601 


4 


E-co-BA 


LOTRYL 
35BA40 


40 


32.935 


1.136 
(3.45) 


0.058 

(0.175) 


65.871 


5 


E-co-BA 


LOTRYL 
35BA40 


40 


33.093 


0.662 
(2.00) 


0.058 
(0.175) 


66.187 


C2 


E-co-BA 


LOTRYL 
35BA40 


40 


58.954 


2.034 
(2.00) 


0.103 
(0.175) 


38.909 


C3 


E-co-BA 


LOTRYL 
35BA40 


40 


96.502 


3.329 
(3.45) 


0.169 
(0.175) 


0 


C4 


E-co-BA 


LOTRYL 
35BA40 


40 


33.333 


0 


0 


66.667 


C5 


E-co-MA 


LOTRYL 

28MA07 


7 


33.093 


0.662 
(2.00) 


0.058 
(0.175) 


66.187 


C6 

k o/ _ 


E-co-MA 


LOTRYL 
28MA07 


7 


49.261 


0.985 

(1.0) 


0.493 

(0.5) 


49.261 



Wt. % = weight per cent based on the total weight of the precursor 
*pph = parts per 100 parts polymer 
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Table 5 



Example 


E-Modulu5 of 
crosslinked themally- 
conductuve film backing 


Elastk: torque, S', of 
uncrosslinked 
precursor 


Elastic torque, S', of 
crosslinked thermally- 
conductive material 




(N/mnf) 


(dNm) 


(dNm) 


3 


33 ±9 


0.66 


5.73 


4 


31 ± 2 


0.73 


4.90 


5 


20 ± 2 






C2 


12 ± 1 






C3 


6 ± 1 


0.06 


0.35 


C4 


50±3 






C5 


17±4 


1.63 


5.86 



— = not measured 



Table 6 



5 



Example 


Therm, 
conductivity 


Thermal 
impedance 


Breakdown 
voltage 


Dielectric 
Stength 


Volume • 
Resistivity 




W/m-'C 


"C-crn'M 


kV 


kV/mm 


(Ohm-cm) 


■ 3 


0.466 


5.222 


16.2 


68.6 


1.44x10"* 


4 


0.484 


5.388 


17.2 


65.8 


1.20x10'=' 


5 


0.476 


5.320 


13.8 


67,.3 


1.61 xlO" 


C2 


0.422 


5.095 


14.2 


71.1 


1.11 xlO'" 


C3 


0.250 


10.731 


17.0 


69.0 


6.44 X 10"' 


C4 


0.558 


4.846 


15.8 


71.3 


1.20 X 10'^ 


C5 


0.495 


5.97 


14.2 


56.3 


6.60 X 10'^ 



Exannpie 6 

A 150 Mm thick film comprising 100 parts by weiglit ethylene-butyl acryiate 
(EBA)co polymer (available as Lotryl 35 BA40 from Atoflna) and 200 parts by 
weight magnesium hydroxide (available as Magnlfin H5A from Martinswerk, 
Bergheim, Gemiany) was extruded onto a cooled steel roll using a twin screw 
extruder. The film thus prepared had a width of 30 cm. 

A 2-meter length of film was then cross-linked by exposure to gamma 
radiation from an encapsulated Cobalt 60 source having a maximum capacity of 
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5 Mci and power of 75 kW. The radiation dosage received by the film was 
60 kiiogray (kGy). 

The cross-linked film was then tested for heat-resistance according to the 
method described above as Hot-Set Test under TEST METHODS. This test gives 
an indication of the degree of cross-linking that has occurred due to gamma 
radiation treatment, in that films with higher degree of cross-linking give a lower 
elongation. 

The test showed that the 150 fjm thick film had an elongation of 30 % after 
being exposed to 150°C for 15 minutes under a load of 10 N/cm as called for by 
the test method. Results are summarized In Table 7. 

The irradiated film was then used as a backing for preparation of a thermally- 
conductive adhesive tape by the procedure described in Example 1 (part d.). 

Examples 7 and 8 

Example 6 was repeated with the exception that the 150 |jm thick film was 
exposed to radiation to such an extent that the total dosage for Examples 7 and 8, 
respectively, was 120 kGy and 150 kGy. The films of Examples 7 and 8 were 
tested according to the Hot-Set test and resulted in an elongation of 15 % for 
Example 7 and an elongation of 1 6 % for Example 8. 

Comparative Examples 7-a 

Un-radiated, non-cross-linked film (Comparative Example 7) was evaluated 
by the Hot-Set Test as well as for elastic torque, S', as described urider Test 
Methods above. 

Films having a low level of cross-linking caused by exposure to a lower 
radiation dosages of only 30 kGy and 45 kGy, respectively, (Comparative 
Examples 8 and 9) extended during the test and tore after a few seconds. 
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Table 7 



cAdinpie 


Kaciiation dosage 
(KQy) 


Elongation (%) 


Elastic torque, S' 
(dN/m) 




0 




0.14 


C8 


30 


* 




C9 


45 


* 




6 


60 


30 


3.5 


7 


120 


15 


8.4 


8 


150 


16 


9.8 



* Sample tears after < 5 seconds 
-- Not measured 
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